Abstract: A better understanding of the detonation performance of an explosive charge can be gained by directly measuring pressure, temperature and velocity of detonation (VOD). This is particularly important with explosives used in the mining industry because their performance is directly influenced by the degree of confinement. A project funded by the Australian Coal Association Research Program was initiated in early 2009 with the view to design and build cost effective prototype instrumentation to measure the relative differences in detonation pressures and temperatures of commercial mining explosives. The project's primary focus was on low density explosives as their detonation performance is not well understood. It was therefore viewed as important to be able to directly measure pressure and temperature during the detonation process of these complex mixtures in production blastholes. The paper describes the prototype instrumentation developed and reports on the results obtained to date in laboratory and full scale conditions
design and build cost effective prototype instrumentation to measure the relative differences in detonation pressures and temperatures of commercial mining explosives. The project's primary focus was on low density explosives. Low density (also referred to as low shock) explosives have been available in various forms for nearly 20 years. There have been significant advances in the availability, reliability and flexibility of these explosives which now offer a range of densities and degrees of water resistance. Their detonation performance is not well understood and cannot be accurately predicted with current ideal and non ideal detonation codes. It was therefore viewed as important to be able to directly measure pressure and temperature during the detonation process of these complex mixtures in production blastholes. Identifying the pressure release patterns of both conventional and low density explosives under different geotechnical conditions should provide the necessary information to both validate detonation codes and better define input parameters for breakage and fragmentation models. This paper gives a general description of the prototype instrumentation developed and reports on the results obtained to date in both laboratory and full scale conditions. release over time provides unique information regarding the action of detonation to the surrounding rock mass. As expected the development of instrumentation for these purposes is not trivial as the pressures experienced are extremely high and rapidly applied. As discussed by Hopkins et al 2 any measurement system has to be able to withstand these high pressures for sufficient time for the information to be transmitted to a data collection system before being destroyed. Theoretical estimations of pressure and temperature can be made with the use of ideal detonation codes. Ideal detonation theory can help us define the maximum attainable performance of a given explosive formulation however this output is somewhat limited when dealing with commercial explosives as the influence of confinement is neglected. Two dimensional non ideal detonation models have been developed to address this limitation, there is however limited field data that allows a complete validation of such codes. In an effort to provide the necessary data to begin the validation of non-ideal codes and a way of providing direct input into breakage and fragmentation models used in mining applications, a research project funded by ACARP was initiated. The objective of this project was to design and build prototype instrumentation to measure detonation temperatures and pressures in production scale blasts. Direct measurements can bring about several benefits, particularly in the development of design guidelines that can maximise the performance of an explosive in a given rock mass. Key engineering requirements of the prototype instrumentation not only included producing low cost sensors but having the capability to enable direct connectivity with existing off-the-shelf blast monitoring data acquisition systems. Manganin is a copper-manganese-nickel alloy with a low strain resistivity and a high sensitivity to hydrostatic pressure. The gauges consist of a thin foil grid mounted on an epoxy sheet. During operation, the gauge is configured to form one arm of a Wheatstone bridge. A sophisticated trigger/power supply was developed for this gauge so that the power is only applied for a short period of time during detonation to reduce heating. When the shock from the detonation front hits the gauge it changes the resistance of the circuit, the bridge goes out of balance resulting in a voltage change which is proportional to the pressure experienced by the gauge. Successful results have been obtained with this approach in controlled laboratory conditions; however problems have been experienced in transferring this technology to the field mainly due to the fragile nature of the gauges making them impractical in production environments.
Dielectric materials, such as Perspex, are electrically polarized by the passage of an intense shock wave such as that produced by an explosive. The magnitude of the polarization is related to the shock front velocity and the particle velocity of the dielectric. In this approach, two electrodes are placed on a thin sheet of Perspex. When the shock front hits the first electrode, it induces a net charge displacement in the electronic circuit attached to the gauge. The pressure in the shock wave is determined from the transit time of the shock wave through the Perspex, its thickness and Hugoniot curve. It was found that this type of gauge was only sensitive to very high shock energies and therefore unsuitable to be used with low shock explosives.
Carbon composition resistors have been used to measure shock energies of commercial explosives. Its principle of operation is similar to the manganin gauge. As the resistor is compressed by the shock wave, the spacing between the carbon particles forming the body of the resistor decreases thus reducing the resistance of the gauge. Static pressure tests on 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 has been reported). However, as a proprietary system, its application and rapid deployment to Australian conditions was limited. It has been argued by Silva and Katsabanis 5 that the use of carbon resistors could be limited as unacceptable discrepancies can be expected from detonation pressure measurements in condensed high-density and low density commercial explosives. However, as discussed in this paper, preliminary laboratory tests conducted by the authors using carbon-resistor based sensors have demonstrated an acceptable degree of repeatability in measurements for a range of explosive charges. These tests confirmed that prototype sensors based on carbon resistors provide the most economical and robust way to implement instrumentation in production environments.
In reviewing different gauges, it is important to report on the application of Polyvinylidene Fluoride (PVDF) film gauges documented by Silva and Katsabanis 5 . PVDF gauges consist of a polymeric film that has been mechanically stretched to a 25mm thickness and poled to a remnant polarization by application of high voltage. With a carefully controlled manufacturing process, the charge induced by polarization responds to the application of stress in a well-defined manner. These gauges are self-powered, have a stress range over 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 5 stress-rate dependent. It is important to note that the use of PVDF film gauges was cost prohibited in this particular project.
Detonation temperature
Little has been published with regards to measuring detonation temperatures in full scale production blasting, measurements on explosives charges have been confined to highly
controlled laboratory experiments such as those reported by Tarasov et al 6 . This is due to the velocity of the detonation front, a field transducer would require microseconds to respond to the temperature change and operate before being destroyed. Shock tunnels are used to generate shock waves with temperatures and pressures of similar magnitudes as explosives. Temperature measurement in shock tunnels is commonly achieved by using thin film metal gauges 7 . The thin film has a low thermal mass and hence is able to experience a temperature rise when subject to the short duration exposure to a shock wave 8 . Initial experiments were conducted with thin film gauges with no success due the gauges being destroyed before a detectable temperature could be measured. Thin metal film gauges are able to operate in shock tunnels because of the significant mechanical protection provided by mounting of the gauges in the substantial steel wall of the tunnel. Field explosive applications provide no mechanical protection of the sensors.
An alternate method to measure temperature is to use optical detectors to measure the brightness of the detonation front. The light from the detonation front is transmitted to photomultipliers tubes by fibre optic cable (Tarasov et al 2007) 6 . Attempts to measure the detonation temperature of emulsion explosive samples using large spectral range pyrometers have been documented by Le Francois et al 9 . The major advantage in using the optical detectors is that the sensor is able to respond prior to being destroyed by the shock wave. After reviewing the above techniques, the use of pyrometers to measure the luminance temperature was viewed as the most cost effective and robust way of inferring the temperature of the detonation reaction.
6
5 Description of prototype gauges and data acquisition system
Several prototype gauges were developed as part of this research project in order to provide a robust and cost effective way of measuring detonation pressure in full scale conditions. Figure 1 shows a diagram of the simplest and most recent prototype. The sensor consists of a carbon resistor embedded in an epoxy filled 20 mm diameter plastic tube. As discussed earlier, the use of thin film metal gauges was investigated to measure temperature, but with little success, following this a pyrometer based sensor was developed. Figure 2 shows a schematic of this prototype temperature sensor. A welder flash at a range of electrical currents was used to test the proposed temperature transducer. The final design gave a repeatable linear relationship between welder current and output. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 7
Figure 2 Schematic of the detonation temperature sensor
One of the key objectives of the prototype instrumentation was to enable direct connectivity with off-the-shelf and proven blast monitoring data acquisition systems. The authors had access to the MicroTrap system from the MREL group of companies Limited (Canada).
One of the advantages of this data acquisition system is its ability to function as a digital oscilloscope to record DC voltage signals from a wide range of gauges. This allowed the simultaneous measurement of pressure, temperature and VOD from multiple blastholes.
Another key advantage is the high sampling rate which is essential for this type of measurements. The MicroTrap system allows for recordings of up to 2MHz (2 million data points/sec), this translates to one data point for every 0.5 microseconds. Part of the system includes a purpose built junction box which provides a constant voltage to the gauges and the necessary link between the transducers and the data acquisition unit. Figure 3 shows a diagram of a typical blasthole setup including cables, junction box and the data acquisition system. 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 9 perpendicular of the explosive charge (i.e. side position). Three explosive types were used during these tests: Pentolite, TNT and ground ANFO. The characteristics of these explosives are summarised in Table 1 . Experimental results indicated that the configuration of the test and hence the orientation of the carbon resistor with respect to the charge had a clear impact on the intensity of the pressure pulse estimated from the change in resistance. This is consistent with the laboratory work conducted by Rosenberg et al 10 . Relative differences were also attributed to the decoupling effects and this was difficult to quantify. Given the uncertainties associated with the effect of the coupling, the configuration where the sensor is placed directly along the axis of the charge was chosen for calibration purposes. The adopted calibration equation is based on the two parameter function proposed by Rosenberg et al 10 :
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The Pentolite charge was used because of its close to ideal characteristics as a secondary high explosive. Using an ideal detonation code the peak pressure of this Pentolite product was determined to be 24GPa, together with the peak measured ratio of resistance values (R/Ro) the  parameter was calculated for the resistors used and a calibration function defined and applied to the all data sets. Figure 8 gives the pressure measurements along the axis of the charge for TNT and Ground ANFO. As shown, the measured relative difference in pressure between the two products is consistent with theoretical estimates. Table 2 gives a summary of all peak pressure measurements obtained in all laboratory scale tests. The results clearly show the significant impact of transducer orientation and decoupling on peak pressure. Table 2 also shows that when the sensor was mounted on the side of the charge pressure values were consistent and repeatable across all three explosive types tested, ground ANFO ranged from 1.1 to 1.5GPa; TNT ranged from 1.7 to 1.8 GPa and Pentolite from 6.0 to 6.4 GPa. 
Temperature tests
As discussed earlier, the use of pyrometers to measure the luminance temperature was viewed as the most cost effective and robust way of inferring the temperature of the detonation reaction in situ. In this particular case the prototype temperature gauges were always oriented along the axis of the explosive charge as shown in Figure 8 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 13
Results of temperature readings for TNT, Ground ANFO and Pentolite are shown in Figure   9 . The data shows a marked difference in luminance temperature between the three basic 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Conclusions and Future Work
Prototype instrumentation to measure detonation temperatures and pressures in production scale blasts has been built and tested in laboratory and full scale conditions. The full scale trials confirmed the robustness and practicality of the adopted measuring techniques. One key advantage of the prototype instrumentation is the ability to be used with existing offthe-shelf blast monitoring data acquisition systems.
In laboratory scale trials using Pentolite, TNT and ground ANFO; differences in peak pressure values were measured when gauges were mounted parallel and perpendicular to the explosive charge, this indicated that the orientation and positioning of the carbon resistor gauge with respect to the direction of the detonation front was an important factor when deploying the sensors in the field. A decoupling effect was associated with the large differences in pressure, which were consistently lower when the sensor was mounted perpendicular to the charge. It was however noted that measurements were repeatable. With regards to improvements to the current prototype pressure gauges, more detailed calibration 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 17 tests need to be conducted with the carbon resistors currently used. The application of a simple calibration equation derived from a Pentolite charge in combination with previously published data may be limited, however experimental results indicate that the simple calibration adopted does provide a reasonable starting point to compare the relative performance of different explosives.
With regards to temperature measurements, laboratory and field tests appear to show that the adopted pyrometric technique is robust and could be used in practice to compare the reaction temperatures between different explosives. More tests are required to verify the consistency and repeatability of the proposed measuring technique as well as formalise the procedures to identify the "flash" point captured by the photo-transistors.
In general, more detailed calibration experiments and full scale field trials are planned for the next stage of the project. In this case data will be collected across a wider range on explosives types.
